Abstract Eurasian lynx is one of most widely distributed felid species. However, populations in central Europe are strongly fragmented and limited to forest areas, which may influence their sustainability and gene flow. We studied the edge effect on mortality of a highly isolated population of Eurasian lynx in the Białowieża Primeval Forest (NE Poland) during the 20-year period (1991-2011) of high economic development in Poland. Based on radio-tracking data collected in 1991-1996 (low gross national income per capita; low GNI PC) and 2004-2011 (high GNI PC) and recorded mortality cases, we analysed annual rates and causes of mortality and spatial distribution of death sites relative to the distance from the forest edge. We found significantly higher mortality of lynx during the low GNI PC phase of the economic growth than during high GNI PC (33 and 16 %, respectively). While anthropogenic factors played a dominant role in lynx mortality during low GNI PC, natural factors prevailed afterwards. We found a significantly higher proportion of lynx deaths than expected in the edge and outer zone than in the core of the Białowieża Forest. Both areas differ significantly in the proportions of mortality causes with anthropogenic factors being the main source of mortality in the outer zone. Our results indicate that the decline of lynx mortality in Poland could be related to the improving of the economic situation in the country after the collapse of communism and reduced significance of anthropogenic factors (mainly poaching).
Introduction
Large carnivores live in low densities and roam over long distances; therefore, vast areas are essential for long-term viability of their populations. Due to fragmentation and the limited range of suitable environments, they are vulnerable to wildlife-human conflicts and human plays a major role in their mortality (Woodroffe and Ginsberg 1998; Andrén et al. 2006; Mondal et al. 2013) . The risk of mortality increases when carnivores roam beyond protected areas or on the edges of their distribution range (Woodroffe and Ginsberg 1998) . Therefore, such outer areas may act as population sinks Bunnefeld et al. 2006) .
The Eurasian lynx (Lynx lynx) is one of most widely distributed felid species. However, in central Europe, their populations are strongly fragmented and limited to forest areas (Schmidt 1998; Von Arx et al. 2004; Niedziałkowska et al. 2006) . The ranging and dispersal routes of lynx have been shown to be dependent on the distribution and availability of woodlands Schmidt 1998; Podgórski et al. 2008) . Recent studies on lynx genetic diversity and differentiation have suggested that closely situated but isolated populations are poorly connected through contemporary gene flow (Schmidt et al. 2009 (Schmidt et al. , 2011 Ratkiewicz et al. 2012) , indicating the possible effect of habitat fragmentation on the effectiveness of lynx dispersal. Studies in Scandinavia have shown that human-induced factors (harvest, poaching, vehicle collisions) are the chief mortality causes in this species (Andrén et al. 2006) and that human-dominated areas represent a potentially high mortality risk for the lynx (Bunnefeld et al. 2006) . These factors could explain the causal link between the habitat fragmentation and the lynx genetic structure; however, the situation of this species in central Europe is different due to its legal protection status (Von Arx et al. 2004) . Interestingly, the lynx populations in Scandinavia and Baltic states are increasing and expanding (Linnell et al. 2005 (Linnell et al. , 2010 despite being subject to hunting harvest, whereas those in central Europe (Poland, Lithuania and Belarus) stay constant or even decline under legal protection (Linnell et al. 2005) . Therefore, it seems that legal protection is not a sufficient conservation measure to warrant the increase of effective dispersal in these populations (Niedziałkowska et al. 2006 ).
The population status of the lynx within Poland requires special attention because its range has decreased during the period between 1980 and 2001 (Jędrzejewski et al. 2002) and has not recovered until present despite being an officially protected species in Poland since 1995 (unpublished data of the Mammal Research Institute collected under the National Survey of Large Carnivores in Poland). Although this may be partly due to habitat fragmentation (Schmidt et al. 2011) , the mechanism behind it is unclear. As the lynx in Poland reaches the westernmost edge of the species natural range (i.e. excluding the reintroduced populations) in Europe, this area is crucial for the conservation and potential expansion of this predator westwards. Unravelling the factors limiting lynx dispersal in this range may help to preserve the genetic diversity and effective gene flow between the populations (Garner et al. 2005; Ratkiewicz et al. 2012) .
In this study, we aimed at evaluating the effects of two factors potentially influential to the mortality in the lynx population in the Białowieża Primeval Forest (NE Poland): location relative to the forest edge (as a proxy of the humanrelated mortality risk) and the economic situation of the country (as a proxy of the poaching pressure).
Material and methods

Study area
The study was conducted in the Białowieża Primeval Forest (=BPF, 52°29′-52°N, 23°31′-24°21′ E, northeastern Poland)-one of the best preserved lowland forests in Europe, located on the Polish-Belarusian border. It covers 1500 km 2 .
In the Polish part of the forest (600 km 2 ), deciduous and mixed tree stands (mainly pine Pinus sylvestris, spruce Picea abies, alder Alnus glutinosa and oak Quercus robur) cover 94 % of the BPF, while open habitats constitute 6 % of the area (Sokołowski 2004 The majority of human settlements are localised on the edges and outside of the forest, with very few villages being localised within the forest. The climate of the Białowieża Forest is transitional between Atlantic and Continental types. The mean annual temperature is 7°C, with July being the warmest month (average 18.4°C) and January the coldest (average −4.8°C) (Jędrzejewska and Jędrzejewski 1998) . Snow cover persists from 60 to 96 days in the BPF with the max recorded depth of 95 cm.
Data collection and analysis
We investigated all cases of lynx mortalities that were found in the Białowieża Primeval Forest and its vicinities during the telemetry study (using both VHF and GPS transmitters) conducted in 1991-2011 Schmidt 2008; Davoli et al. 2013; Schmidt K. and Kowalczyk R. unpublished results) . The telemetry data were used to calculate the survival and mortality rates, whereas the data on casualties of both collared and uncollared lynx were used for analyses of mortality sources and spatial distribution. Lynx were intensively monitored by telemetry in two periods: 1991-1996 and 2004-2011 . The two study periods referred to different phases of economic development of the country with the former corresponding to low average gross national income per capita (GNI PC)=US$6557 and the latter to high average GNI PC= US$16,534 (World Bank data-data.worldbank.org/country/ poland). Lynx was not a protected species before 1995 in Poland, though it was locally protected in the BPF since 1989.
In total, 33 lynx were monitored with telemetry (18 in 1991-1996 and 15 in 2004-2011) for an average period of 394±219 days (range 30-855). The duration of tracking did not differ between the two periods (Mann-Whitney test, P>0.1). Thirteen collared individuals were found dead, nine during the period for which the mortality and survival rates were calculated and four out of this period. Additional data on lynx mortality included 13 uncollared dead lynx that were found occasionally. Most of the casualties were inspected by veterinarians to determine the source of mortality. We described mortality sources as natural (disease, starvation, predation, etc.) or anthropogenic (poaching, car accidents, etc.). All mortalities were classified as being caused by natural factors if there were no unambiguous signs of human influence involved. Cause-specific mortality and survival rates were estimated with MICROMORT software (Heisey and Fuller 1985) on the basis of radio-days for 33 lynx and recorded mortalities of 9 collared lynx.
Locations of all recorded lynx mortalities between 1991 and 2011 were analysed in relation to their distribution in the core and outer area of the BPF. We included in the outer area a 2-km buffer zone of the forest peripheries to account for potential influence of human activity penetrating into the forest (Fig. 1) . To estimate the expected distribution of lynx mortalities in the core and outer area, we calculated the proportion of collared lynx localisations in both areas. To make results of VHF and GPS tracking comparable, we randomly reduced (using Excel spreadsheet) the number of localisations for lynx tracked with GPS collars to obtain the same number of radio-fixes per day as for lynx tracked using VHF collars (0.65 localization/day). In total, 11,043 localisations (8673 in the core and 2370 in the outer area) of collared lynx were used in the analysis.
Results
Human-induced mortality accounted for 57.7 % of total mortality cases (n=26) recorded during the study period in the BPF and its vicinities. Poaching constituted 66.7 % of all human-related mortalities.
Annual lynx mortality estimated on the basis of radiotracking data was higher during the low GNI PC period (33 %) (1991) (1992) (1993) (1994) (1995) (1996) than that during the high GNI PC (16 %) (2004-2011) (G-test; G = 6.02, df = 1, p < 0.02) ( Table 1 ). There was a reversed pattern of cause-specific mortality rates recorded in the two periods, with anthropogenic factors playing a dominating role during the first period and Fig. 1 Spatial distribution of collared lynx localisations and recorded mortalities (including collared and uncollared lynx) in the Białowieża Primeval Forest in 1991-2011 in relation to the core and outer area of the forest. Core area is determined by excluding a 2-km buffer zone of the forest peripheries to account for potential influence of human activity penetrating into the forest. White background is the area used for agriculture and human settlements. Symbol in the left upper corner of the figure denotes location of collared lynx found dead 25 km away from the area showed on the map natural factors during the second phase of economic growth (G-test; G=13.08, df=1, p<0.001) ( Table 1) . A similar pattern was observed when all lynx deaths (collared and uncollared) were jointly analysed. The significance of anthropogenic mortality declined from 66.7 % during the period of low GNI PC to 45.5 % during high GNI PC (G-test, G=9.20, df=1, p<0.01) (Fig. 2) .
We found a strong edge effect on mortality of lynx. While in the outer area of the forest the proportion of lynx deaths was significantly higher than expected (65.4 versus 21.5 %), within the core area it was significantly lower than expected (34.6 vs. 78.5 %) (G-test, G=40.73, df=1, p<0.001) (Fig. 3) . The lynx deaths in the outer zone were nearly twice as high as those in the core area (9 versus 17 cases of deaths recorded, respectively), and both areas significantly differed in proportion of anthropogenic and natural sources of mortality (G-test, G = 8.29, df =1, p < 0.01), with human-induced mortality playing a significantly more important role in the outer (64.7 % of death cases) than that in the core area (44.5 %) (Figs. 1 and 4 ).
Discussion
Our study showed how the combination of two factors, human-induced mortality and habitat fragmentation, may have influenced the population of lynx being under official protection. Although the species is protected in Poland since 1995 and locally in the Białowieża Forest since 1989, humanrelated factors, mainly poaching, were the most important source of lynx mortality in the early 1990s (Jędrzejewski et al. 1996) . Our study period has spanned 20 years beginning shortly after the collapse of communism in Poland and is long enough to observe the effects of increasing economic prosperity in the country on the effectiveness of conservation of this large felid.
The period before political and economic changes in Poland was characterised with substantial poverty, particularly in rural areas (Kostova-Huffman and Johnson 2004) . This was likely a causal factor behind poaching, as it provided additional food resources and income for peasants. Although poachers mainly targeted ungulates, the animals were usually killed with snares, in which the lynx occasionally became trapped (Jędrzejewski et al. 1996; Schmidt et al. 1997) . Poaching of ungulates could have had a substantial detrimental effect on all wildlife, as it was widespread in forested areas in Poland and other post-Soviet countries during communist times and also during the first decade after the democratic transformation in early 1990s, mainly due to food rationing in 1970-80s (Jędrzejewski et al. 2005) . We presume that the more than twofold increase in the income per capita, which occurred during the second period of our study, could have caused a decline in the need for additional resources by rural societies and indirectly to the decline of lynx mortality in Poland. The shift from mainly anthropogenic-caused mortality to mainly natural-caused mortality between these two Table 1 The mean and 95 % confidence intervals (CI) for annual survival rates and cause-specific mortality rates of radio-tracked lynx in the Białowieża Primeval Forest, Poland, determined based on radio-tracking data
Period
Number of tracked lynx Number of deaths Survival rate (95 % CI) Cause-specific mortality rates ( Proportion of deaths economic phases may farther contribute to improving the conservation status of these felids in Poland. Interestingly, in Scandinavia and Switzerland, anthropogenic causes of mortality, including hunting and poaching, were also much greater than natural sources of mortality (Schmidt-Posthaus et al. 2002; Andrén et al. 2006) . Also, in other species of carnivores, such as wolves and wolverines in Scandinavia or tigers in southern Asia, human-related factors, mainly poaching, played the most significant role accounting for 51-83 % of mortality cases (Liberg et al. 2012; Goodrich et al. 2008; Persson et al. 2009 ). This increased mortality due to poaching and other human-related factors may significantly influence the survival of large carnivores and drive local populations to extinction (Chapron et al. 2008) . However, despite high levels of anthropogenic-caused mortality, the Scandinavian lynx population has showed a tendency to increase and expand (Linnell et al. 2010; Nilsen et al. 2012) . Therefore, as there is no extra lynx mortality due to hunting harvest in Poland, we presume that there must be other factors responsible for the lack of population increase under legal protection.
The risk of mortality increases when carnivores roam beyond protected areas or on the edges of their distribution range (Woodroffe and Ginsberg 1998) . Our study provided a clear support for the edge effect in patterns of lynx mortality, with anthropogenic factors playing a dominant role in outer areas. Lynx was indeed found to show an apparent perception of the risk related with open agricultural areas in the hunted population in Norway (Bunnefeld et al. 2006; Basille et al. 2009 ). These areas were considered to represent the "attractive sinks" due to high abundance of the main lynx prey-the roe deer )-on the one hand and high mortality there due to hunting harvest on the other. In our study area, roe deers are also abundant on the outskirts of the Białowieża Forest (Sönnichsen et al. 2013) , and therefore, these areas may be potentially important for lynx. Although no legal harvest for lynx occurs in the BPF, the human-dominated area still seems to act as a population sink, although this is mostly due to poaching. Such population sinks may effectively reduce the dispersal rate of lynx and thus the gene flow between neighbouring populations inhabiting different forest patches. Indeed, based on mtDNA haplotype frequencies, it was found that the lynx population from the BPF was significantly divergent from neighbouring populations (Ratkiewicz et al. 2012) . Furthermore, it was characterised by a relatively low allelic richness (Schmidt et al. 2009 ) when compared to Latvian and Estonian lynx which populate more continuous habitats. Our study suggests that the effect of habitat fragmentation on the lynx population is probably reinforced by higher human-induced mortality in areas between forest patches occupied by lynx. Edge effect related to accidental and deliberate human-induced mortality of carnivores when ranging beyond the protected or core distribution areas was reported also for other species of carnivores such as leopards, lions or badgers (Revilla et al. 2001; Loveridge et al. 2007; Balme et al. 2010) .
In contrast to the common assumption about the inverse relationship between the economic development of the country and the effectiveness of nature protection (Tisdell 1999) , our report presents a case of a possible positive effect of economic growth in decreasing the mortality of a large predator. However, fragmentation of lynx habitat may still be the main factor hampering the population increase and expansion due to strong edge effects in their mortality on limiting dispersal and gene flow amongst populations. Therefore, this result emphasises the necessity of restoring habitat connectivity by ecological corridors as one of the most important conservation measures for successful protection of this felid. 
